In this study we show that mouse primordial germ cells and fetal germ cells at certain stages of differentiation express E-cadherin and ␣ and ␤ catenins. Moreover, we demonstrate that the formation of germ cell aggregates that rapidly occurs when monodispersed germ cell populations are released from embryonic gonads in culture is E-cadherin mediated, developmentally regulated, and dependent on the sex of the germ cells. Immunoblotting analyses indicate that the lower ability to form aggregates of primordial germ cells in comparison to fetal germ cells is not due to gross changes in E-cadherin expression, altered association with ␤ catenin, or changes in ␤ catenin phosphorylation. Investigating possible functions of E-cadherin-mediated adhesion in primordial germ cell development, we found that E-cadherin-mediated adhesion may stimulate the motility of primordial germ cells. Moreover, treatment of primordial germ cells cultured on STO cell monolayers with an anti-E-cadherin antibody caused a significant decrease in their number and markedly reduced their ability to form colonies in vitro. The same in vitro treatment of explanted undifferentiated gonadal ridges cultured for 4 days results in decreased numbers and altered localization of the germ cell inside the gonads. Taken together these results suggest that E-cadherin plays an important role in primordial germ cell migration and homing and may act as a modulator of primordial germ cell development.
INTRODUCTION
Interactions between germ cells and somatic cells are essential for normal gametogenesis. Their importance in controlling early stages of germ cell development, including the migration and proliferation of primordial germ cells (PGCs), the embryonic precursors of gametes, is now documented by a rapidly expanding literature (for reviews, see De Felici and Dolci, 1987; De Felici et al., 1992 , 1998a De Felici and Pesce, 1994) . Similarly, interactions with extracellular matrix components are certainly crucial for PGC development (for a review, see De Felici et al., 1998) . Homophilic germ cell to germ cell interactions might also play a role in germ cell development though they have not been characterized in detail. The presence of intercellular bridges between prospermatogonia, spermatogonia, spermatocytes in male, and oogonia in female which result from incomplete mitotic divisions has been described in several mammalian species (Gondos, 1973) . Recent observations by Gomperts et al. (1994) showed that, in the mouse embryo primordial germ cells link to one another during migration and form compact clusters of cells after reaching the gonadal ridges. According to a recent paper by Pepling and Spradling (1998) , these PGC clusters may also be the result of incomplete mitotic divisions. In previous studies, we observed that mouse PGCs and fetal oocytes released from gonads as single cells rapidly form aggregates in vitro McLaren, 1982, 1983; De Felici and Siracusa, 1985) , thus suggesting that germ cell clusters might also form as the result of the presence of adhesion molecules mediating homophilic cell adhesion.
Cadherins are the best characterized family of adhesion molecules mediating homophilic calcium-dependent cell adhesion. Many tissue-specific cadherins have been identified, including classical cadherins such as epithelial E-cadherin, neuronal N-cadherin, placental P-cadherin, vascular VE-cadherin, and others (for a review, see Vleminckx and Kemler, 1999) . Classical cadherins are defined by a highly conserved carboxy-terminal cytoplasmic domain, a single-pass transmembrane domain, and five extracellular cadherin-motif subdomains. Moreover, in general, the classical cadherin cytodomain interacts with ␤ catenin or plakoglobin (␥ catenin), which in turn binds ␣ catenin attached directly or indirectly to the actin cytoskeleton (for a review, see Ben-Ze' and Geiger, 1998) . Many studies have correlated changes in cadherin expression and functionality with distinct morphogenic events such as cell migration, cell sorting, organogenesis, and tissue remodeling. Misregulated cadherin expression or function disrupts embryonic morphogenesis and can alter the characteristics of differentiated cells. Cadherins also have roles in signaling events between and within cells that affect cell migration, proliferation, and differentiation. In this regard, ␤ catenin appears to be a key element in a novel signal transduction pathway from the cell surface to the nucleus .
In the present paper, we show that germ cells of the mouse embryo express E-cadherin and ␣ and ␤ catenins and that the formation of germ cell aggregates in vitro is a cadherin-dependent process. Furthermore, possible functions of E-cadherin in relation to PGC migration and gonad development were investigated.
MATERIALS AND METHODS

Isolation and Culture of Germ Cells
PGCs (11.5-12.5 dpc), oocytes, and prospermatogonia (13.5-18.5 dpc) were isolated by EDTA-mechanical treatment of gonadal ridges and gonads of CD-1 mouse embryos according to the method of De Felici and McLaren (1982) . PGCs (11.5 dpc) were cultured on mitomycin C-inactivated STO cell monolayers in DMEM (GIBCO BRL). The medium was supplemented with 15% FCS (GIBCO), 0.1 mM nonessential amino acids (Sigma), 0.1 mM 2-mercaptoethanol (Sigma), 2 mM glutamine, 100 ng/ml mouse recombinant SCF (R&D Systems), 10 M forskolin (Sigma), and 5 M retinoic acid (Sigma). Cultures were grown in 5% CO 2 in air, at 37°C.
Germ Cell Aggregation Assay
Monodispersed germ cell populations obtained by EDTAmechanical treatment of embryonic gonads were collected in M 2 (De Felici and Siracusa, 1982) containing 1 mg/ml BSA, counted in a hemocytometer, and placed in 1.5-ml Eppendorf tubes at 0.5-1.0 ϫ 10 5 cells/ml, 100 l/tube. Cells were incubated at 37°C on an orbital shaker (80 rpm) for 1.5 h and then gently pipetting and transferred to microscope slides coated with poly-L-lysine, fixed in 4% paraformaldehyde, and stained for alkaline phosphatase (De Felici and Dolci, 1989) . To measure the degree of cell aggregation, the mean area of cell aggregates in at least five microscope fields for each sample was determined under a Zeiss Axioplan2 microscope by a computer software using the KS 300 Image Analysis System (Kontron Corp.). The experiments were repeated at least three times.
Primordial Germ Cell Adhesion and Motility Assays
PGC (11.5 dpc) adhesion and motility assays were carried out as described in Pesce et al. (1997) and Donovan et al. (1986) , respectively. The assays were performed on confluent monolayers of the S180 cell line, which does not produce cadherins (Dunham and Steward, 1953) , and of an S180 clone (E-S180) stably transfected with a recombinant DNA encoding mouse E-cadherin (Nagafuchi et al., 1987) . Both cell lines were kindly provided by Dr. M. Grossi (University of Rome "La Sapienza"). Cells were grown in DMEM (GIBCO) with 15% fetal calf serum (GIBCO). Control immunoblottings were performed to verify the expression of E-cadherin by the cell monolayers used in the assays (Figs. 3A and 5A ).
In Vitro Culture of 11.5-dpc Gonadal Ridges Embryos (11.5 dpc) were removed and dissected individually. Undifferentiated gonadal ridges were reserved for culture while amnions were prepared according to the method of Burgoyne et al. (1983) for demonstrating sex chromatin. Gonadal primordia (gonad and mesonephros) were placed in Falcon dishes (Falcon 3037) containing approximately 0.7 ml medium, on grids previously soaked in 1% agar solution; the medium was level with the grid. One of each pair of gonadal primordia was cultured in MEM supplemented with 10% fetal calf serum (GIBCO) and the other in the same medium containing the anti-E-cadherin antibody DECMA-1 (1:200) or rat IgG (200 g/ml) as a control for 4 days at 37°C in a 95% air, 5% CO 2 atmosphere. Gonads were then fixed in 4% paraformaldehyde, washed in PBS, and, after being embedded in OCT compound, frozen in liquid nitrogen. Serial sections (7-8 m) were cut in a cryostat and stained for alkaline phosphatase to identify germ cells (De Felici and Dolci, 1989) . Reliable counts of germ cells in these sections proved difficult so that only gross estimation of their number was performed.
Antibodies and Peptides
Anti E-cadherin monoclonal antibodies DECMA-1 and ECCD-1 were purchased from Sigma and Takara Biomedicals, respectively. Both antibodies have been shown to be specific for mouse E-cadherin and to inhibit E-cadherin-dependent cell-cell contact (Vestweber and Kemler, 1985; Yoshida et al., 1984; Williams et al., 1993; Takeichi, 1991) . Rat and rabbit IgG, anti-␣ catenin, or anti-␤ catenin antibodies were from Sigma. Anti-phosphotyrosine antibodies were purchased from Santa Cruz Biotechnology. The peptides LRAHAVDVNG-amide and VIPPINLPEN-amide were kindly provided by Dr. M. Pesce (EMBL, Heidelberg).
Immunofluorescence
Cryostat sections (7-8 m) were fixed with 4% formalin (10 -15 min at room temperature), washed in M 2 , and treated with DECMA-1 (1:200) for 2 h at room temperature. After being rinsed in M 2 , sections were incubated for 30 min with TRITC-labeled goat anti-rat IgG (Boehringer) at room temperature. The same staining procedure was used with isolated germ cells after formalin fixation.
Negative controls included sections or cells incubated with normal rat (for DECMA-1) or rabbit IgG (for anti-␣ or anti-␤ catenin) instead of the primary specific antibody. 0.5 g/ml leupeptin, 0.7 g/ml pepstatin, 4 g/ml aprotinin, 50 mM benzamidine) for 10 min on ice and clarified at 15,000g for 15 min at 4°C. Cell extracts containing equal amounts of proteins were immunoprecipitated for 2 h at 4°C in the presence of anti-␤ catenin antibodies bound to protein A-Sepharose (Pharmacia LKB, Biotechnology). Immunoprecipitated proteins were recovered by centrifugation at 8000g for 10 min. After appropriate washing, proteins were electrophoresed and subjected to immunoblotting.
Immunoblotting
For E-cadherin immunoblotting, gonads were homogenized in homogenization buffer (50 mM Hepes, pH 7.4, 150 mM NaCl, 10% glycerol, 1% Triton, 0.1% SDS, 15 mM MgCl 2 , 1 mM EGTA, 2 mM PMSF, 0.5 g/ml leupeptin, 0.7 g/ml pepstatin, 4 g/ml aprotinin, 10 g/ml trypsin inhibitor, 50 mM benzamidine). For ␣ and ␤ catenin immunoblotting germ cells purified by the methods of De Felici and McLaren (1982) were used. Samples obtained following these preparations or immunoprecipitation (see above) were centrifuged at 8000g for 10 min and 30 g of proteins from each extract were separated electrophoretically on a 7.5% polyacrylamide gel. Proteins were transferred to nitrocellulose and nonspecific binding was blocked with 15% nonfat dry milk. Blots were then incubated with the primary antibodies (DECMA-1, 1:1000; anti-␣ or-␤ catenin, 1:3000; anti-phosphotyrosine 1:1000) for 1 h at room temperature. After being washed to remove excess primary antibody, the membranes were soaked with peroxidase-conjugated secondary antibodies (anti-rat IgG or anti-rabbit IgG, 1:5000 or anti-mouse, 1:10,000) in PBS with 1% BSA for 1 h at room temperature. Signals were detected using the ECL kit from Amersham.
Protein extracts from STO and E-S180 cells were used as negative and positive control for DECMA-1 antibody, respectively (Fig.  3A) .
RESULTS
Immunocytochemical Localization and Expression of E-cadherin and Catenins in Fetal Germ Cells
Immunocytochemical localization of E-cadherin in germ cells was performed using DECMA-1 antibody on cryostat sections prepared from embryos at different stages of development. E-cadherin immunoreactivity was revealed on the surface of 11.5-dpc primordial germ cells in extragonadal regions as well as in gonadal ridges (Figs. 1A, 1B, and 2). In the ovary, germ cells remained positively stained until oocytes entered meiotic prophase, around 13.5-14.5 dpc; thereafter weak or no staining was detected on the oocyte membrane. In contrast, germ cells in the testes remained E-cadherin positive until 15.5 dpc; subsequently the immunoreactivity progressively declined and no positive prospermatogonia were seen around perinatal stages (17.5-18.5 dpc) (not shown). In all embryonic stages studied, no staining was observed in germ cells when normal rat IgG were used as a control instead of the specific primary antibody (not shown). On the other hand, gonadal somatic cells were always negative for E-cadherin.
Immunocytochemical localization of E-cadherin in germ cells isolated from gonads at various stages of development gave results similar to that reported for tissue sections.
Moreover, when germ cells were allowed to form aggregates in culture, E-cadherin was observed to concentrate along the adjacent border of germ cells (Figs. 1C and 1D ). Treatment for 5 min at 37°C with 1 g/ml trypsin in the presence of EDTA (a treatment which inhibits the formation of aggregates, see below) markedly reduced E-cadherin immunoreactivity (not shown).
Immunoblotting analysis (Fig. 3A) identified a band at 120 kDa, further indicating the presence of E-cadherin in the 11.5-dpc gonadal ridge and in 15.5-dpc testis extracts as well as in E-S180 cells used as a positive control. No E-cadherin signal was detected in 15.5-dpc ovaries and in the STO cell line used as a negative control. No noteworthy changes in the amount of E-cadherin expressed at the stages examined were observed. Similar results were obtained using purified germ cell populations (not shown).
␣ and ␤ catenins were immunolocalized in germ cells of the same stages showing E-cadherin expression and appeared similarly distributed (Fig. 3D) . No staining was observed in germ cells when normal rabbit IgG were used as control instead of the specific primary antibody (not shown).
Immunoblotting analysis also identified bands specific for ␣ (102 kDa) and ␤ (94 kDa) catenins in a purified population of germ cells obtained from embryonic gonads of various stages of development (Figs. 3B and 3C ). The expression of both catenins appeared to increase in germ cells from older stages of development.
Stage-Dependence and Cadherin-Specific Characterization of the Homophilic Aggregation of Germ Cells at Different Stages of Differentiation
Aggregation tests showed that while 11.5-to 12.5-dpc PGCs have a moderate ability to form aggregates in vitro, a significant increase (Student's t test, P Ͻ 0.05) was observed in 14.5-to 15.5-dpc germ cells, mainly in prospermatogonia. Thereafter, germ cell aggregation declined significantly (Student's t test, P Ͻ 0.05), reaching low levels in perinatal oocytes and prospermatogonia (Fig. 4A) . Interestingly, at all stages examined the aggregation rate of male germ cells was higher (Student's t test, P Ͻ 0.01) than that of female germ cells. Table 1 reports the aggregation properties of 14.5-dpc germ cells. It is shown that germ cell aggregation required Ca 2ϩ (1.7 mM in M 2 ) and was strongly inhibited by preincubation of cells (5 min, 37°C) with low concentration of trypsin (1 g/ml) in a Ca 2ϩ -free medium containing 1 mM EDTA. The same treatment with trypsin in the presence of Ca 2ϩ did not significantly affect germ cell aggregation. The formation of aggregates was temperature dependent and was completely inhibited by treatment with 10 g/ml cytochalasin B. Two antibodies, ECCD-1 (200 g/ml) and DECMA-1 (1:200), known to specifically inhibit E-cadherin-mediated adhesion (Yoshida et al., 1984; Williams et al., 1993) , caused a marked inhibition of aggregation (Figs. 4B, 4C, and 4D ). In contrast, rat IgG used as a control caused only a slight nonsignificant reduction (Student's t test, P Ͼ 0.05) of aggregation (Table 1) . A significant reduction of germ cell aggregation was obtained when germ cells were cultured in the presence of a synthetic decapeptide LRAHAVDVNG containing the tripeptide HAV, a component of the cadherin cell adhesion recognition sequence (Blaschuk et al., 1990) . The control peptide VIPPINLPEN did not affect germ cell aggregation (not shown). Similar results were obtained when 11.5-to 12.5-dpc PGCs were subjected to the aggregation assay (not shown).
Immunoprecipitation and immunoblotting analyses showed that the lower ability to form aggregates of PGCs in comparison to fetal germ cells was not due to altered association with ␤ catenin or to changes of tyrosine phosphorylation of the latter (Fig. 5 ).
E-cadherin-Dependent in Vitro Adhesion of PGCs to E-S180 Cell Monolayers and Its Effect on PGC Motility
Since adhesion and motility assays for PGCs are available (see Materials and Methods), in order to determine whether E-cadherin-dependent adhesion may affect PGC migration, we investigated the motility behavior of 11.5-dpc PGCs seeded onto S180 cell monolayers which either express (E-S180) or do not express (S-180) E-cadherin. The frequency of PGCs showing motility morphologies (elongated/ polarized or only elongated; Donovan et al., 1986 ) on these cell monolayers was scored after 2 and 18 h of culture. In Fig. 6A the results show that the adhesion of PGCs to E-S180 cells was significantly higher than that to S180 cells (Student's t test, P Ͻ 0.05) and that the presence of the DECMA-1 antibody (1:200) in the adhesion assay significantly reduced PGC adhesion to E-S180 cells (Student's t test, P Ͻ 0.05), but not to S180 cells. The percentages of PGCs showing motility morphologies were similar on both monolayers after 2-3 h of culture but notably higher on E-S180 cells after 18 h (Student's t test, P Ͻ 0.001) (Fig. 7A) . At this time no difference in the percentage changes of the PGC number on the two cell monolayers was observed. The addition of control 200 g/ml rat IgG did not have significant effect neither on the PGC adhesion nor on their motility morphologies (not shown). 
Effects of DECMA-1 on PGCs Cultured on STO Cell Monolayers or Inside Gonadal Ridges
The effect of in vitro treatment of PGCs with DECMA-1 was tested to determine possible consequences of inhibition of E-cadherin-mediated adhesion on PGC development. We used two in vitro culture systems consisting of PGCs cultured on STO cell monolayers or explants of undifferentiated gonadal ridges in which some processes of PGC development can be reproduced (De Felici, 1998; De Felici et al., 1998) and the perturbing effects of anti-Ecadherin antibody investigated.
In the PGC-STO cell coculture, under control conditions, PGCs proliferate and after 2-3 days form colonies of up 10 -30 cells tightly attached to the cell monolayers. Such colonies were strongly E-cadherin-positive and morphologically similar to those found in tissue sections of gonads of 12.5-dpc embryos (Fig. 8A) . The addition of DECMA-1 (1:200) to the culture medium had no significant effect (Student's t test, P Ͼ 0.05) on the number of PGCs able to adhere to STO cells after 2 h of culture (data not shown). Likewise, the antibody showed no significant effect on the number and morphologies of PGCs after 1 day of culture (Fig. 6B) . However, after 3 days a significant (Student's t test, P Ͻ 0.05) nearly 50% reduction in the numbers of PGCs (means Ϯ SE, 766 Ϯ 120 control vs 416 Ϯ 44 treated) and in the percentages of PGCs in colonies (about 70% control vs 37%) was observed (Fig. 6B) .
In the explant culture system, 9/15 control testes examined showing testis cords and 16/20 control ovaries containing a homogeneous blastema and numerous germ cells were considered to be normally developed after 4 days of culture. The analysis of tissue sections of the contralateral gonads of the normally developed explants cultured in the presence of DECMA-1 (1:200) showed that in 5 of 9 testes and 13 of 16 Table 1 ). Bar, approximately 25 m.
ovaries, germ cells were clearly decreased in number and misallocated. In particular, in testes the formation of sex cords appeared severely affected (Fig. 8B) . In both in vitro systems rat IgG did not significantly influence PGC development (not shown).
DISCUSSION
In the first part of this study, we show that germ cells of the mouse embryo express E-cadherin and ␣ and ␤ catenins and that E-cadherin mediates the formation of homotypic germ cell aggregates in vitro. The ability to form aggregates peaks in prospermatogonia around 14.5-15.5 dpc. The phenomenon presents characteristics of cadherin-mediated cell adhesion, such as Ca 2ϩ and microfilament dependence, trypsin and temperature sensitivity, and inhibition by a peptide containing the tripeptide HAV, typical of cadherins. Moreover, the inhibitory effect of anti-E-cadherin antibodies (DECMA-1 and ECCD-1) indicates that E-cadherin is largely responsible for this adhesion. The lesser effect of both antibodies on 14.5-dpc oocyte aggregation and the finding that 14.5-to 19.5-dpc oocytes as well 19.5-dpc prospermatogonia can moderately aggregate even in the absence of immunologically detectable E-cadherin expression suggest that other cadherins might be present in these cells and involved in this phenomenon. Using immunofluorescence and immunoblotting, we confirmed the expression of E-cadherin in primordial germ cells, oocytes, and prospermatogonia. The greater capacity of the latter to form aggregates might be due to increased E-cadherin expression and/or changes in E-cadherin functionality. Since E-cadherin immunoblotting did not reveal notable differences in the amount of cadherin expressed by germ cells from different stages, developmentally regulated changes of E-cadherin functionality are likely to occur during germ cell differentiation and may be responsible for the different aggregation ability reported above. The function of cadherins to mediate cell-to-cell adhesion may be regulated by several factors, such as phosphorylation and their association to the actin cytoskeleton via cytoplasmic proteins called catenins (for a review, see Ben-Ze'and Geiger, 1998) . We found that ␣ and ␤ catenins are expressed in all stages of germ cell development studied and that their expression seems to increase in germ cells at later stages. However, no gross changes in the association of E-cadherin with ␤ catenin and tyrosine phosphorylation of the latter were detected.
The process of germ cell to germ cell adhesion may have several distinct functions during germ cell development depending on the stage of differentiation and the sex of germ cells. In this study, we focused on primordial germ cells since in vitro culture systems provide appropriate models to investigate the functions of E-cadherin in these cells. In particular, we investigated whether E-cadherinmediated adhesion is involved in controlling PGC migration, PGC homing, and the formation of colonies in vitro. Previous studies have demonstrated the PGC surface expression of molecules such as integrins, the SSEA-1 oligosaccharide, and the c-Kit receptor that appear to mediate heterotypic PGC-somatic cell adhesion during migration to the gonadal ridges (for a review, see De Felici et al., 1998) . Although E-cadherin is generally associated with the stationary phenotype of epithelial cells, recent observations indicate that it is also expressed by nonepithelial cells and that migratory cells express functional cadherins, in some cases crucial for their oriented migration (Tang et al., 1994; Nakagawa and Takeichi, 1995; Ong et al., 1998) . We hypothesized that E-cadherin-dependent adhesion is an important factor in the linking of migratory PGCs in cell clusters observed by Gomperts et al. (1994) and that after PGCs reach the gonadal ridges, changes in E-cadherin functionality allow them to settle into the stationary state of oocytes and prospermatogonia. The increased motility observed when migratory PGCs adhere to cell monolayers expressing high levels of E-cadherin (E-S180) supports the notion that in such cells, interaction with E-cadherin does not inhibit motility, but indeed favors it. This is compatible with the putative role for E-cadherin in linking PGCs in clusters during migration. Interestingly, Chen et al. (1997) reported that E-cadherin mediates adhesion and suppresses cell migration via distinct mechanisms and that the juxtamembrane domain of E-cadherin plays a key role in controlling migration. Changes in the functional activity of this domain may occur after PGCs reach the gonads and may mediate the putative E-cadherin-dependent inhibition of PGC migration postulated above. Furthermore, this might be related to concomitant changes in other adhesion receptors. For example, recent data demonstrate that the inhibitory action of E-cadherin on migration requires a synergy between integrin and cadherin receptors (Hutteloncher et al., 1998) . Changes in the ability of PGCs to adhere to fibronectin and laminin after they reach the gonadal ridges have been reported (De Felici and Dolci, 1989) and could be necessary to establish the stationary phenotype of postmigratory PGCs. The ability of PGCs to continue to move for some time inside the developing gonad and their selective interaction after reaching the gonadal ridges might be important for gonad histogenesis. The segregation of different embryonic cell populations into distinct structures is known to be associated with the expression of different cadherin molecules on the surface of specific groups of cells (Takeichi, 1990) . Interestingly, the somatic cells of the embryonic gonads did not express E-cadherin, though Lin and DePhilip (1996) have recently reported that the somatic cells of sex-indifferent mouse gonads and the pre-Sertoli cells of the testis cords of the fetal mouse testes express P-cadherin. In line with our results, these authors and Mackay et al. (1999) have shown that E-cadherin can be immunolocalized in germ cells of the mouse embryo. Lin and DePhilip have also hypothesized that E-cadherin might favor prospermatogonia inclusion in the forming testicular cords. PCR and Northern blot analysis have revealed other cadherins expressed in the fetal and postnatal mouse and rat testis (Chun et al., 1993; Munro and Blasscuk, 1996) . In order to verify the effect of perturbing E-cadherin in gonad histogenesis, explants of sex-indifferent gonads were cultured in the presence of the anti-E-cadherin antibody DECMA-1. In a significant number of cases (5/9 in the male and 13/16 in the female), while control explants developed normally, those cultured in the presence of DECMA-1 showed reduced germ cell number and dramatic alterations of the localization of germ cells into the gonad. The inability of PGCs to move throughout the gonad blastema, altered cell segregation, and decreased proliferation during histogenesis might be responsible for these effects.
Cadherins have been shown not only to be involved in selective cell adhesion but also to have additional functions, such as cell signaling, inducing a specific program of gene expression . There is now considerable evidence demonstrating that interactions between growth factors and adhesion-initiated events occur at several levels to regulate cell growth and differentiation (for a review, see Sastry and Horowitz, 1996) . It is well established that proliferation, differentiation, and apoptosis in most cell types require adhesive interactions and specific growth factors. This is particularly evident in PGCs, in which survival and proliferation in vitro are strictly dependent on their attachment to cell monolayers and on the involvement of growth factors (Pesce et al., 1997; De Felici et al., 1998b) . The ability of PGCs cocultured on STO cell monolayers to form colonies of tightly attached and proliferating cells upon stimulation by a cocktail of growth factors (SCF, LIF, bFGF) or compounds (forskolin, retinoic acid) (Resnick et al., 1992; Matsui et al., 1992; Koshimizu et al., 1996) prompted us to investigate whether the formation of such colonies requires E-cadherin adhesion. Immunolocalization of E-cadherin showed that PGCs in colonies expressed high level of this molecule. Moreover, we found that the addition of DECMA-1 to the culture medium caused a marked reduction in the number of PGCs and in the formation of colonies. A toxic effect of the antibody is unlikely, since after 1 day of culture most of PGCs had grown normally as single cells, both in the control and in the presence of DECMA-1. Moreover, the frequency of PGCs showing morphologies of degeneration after 3 days was not increased in the presence of DECMA-1 (not shown). These last results lead to the important conclusion that E-cadherin-mediated adhesion is necessary for the formation of PGC colonies and that, in turn, this is crucial to maintain PGC proliferation. Given that several groups reported that the formation of colonies of tightly attached germ cells precedes and is a prerequisite for the derivation of proliferating totipotent ES-like cells, called embryonal germ cells (EG cells), from PGCs in culture (Matsui et al., 1992; Resnick, 1992; Koshimizu et al., 1996) , we can speculate that E-cadherin adhesion and/or prolonged E-cadherin-mediated signaling in the presence of certain growth factors might be important to determine the formation of EG cells. This ability to give rise to EG cells in vitro as well as teratoma in vivo (Stevens, 1967) suggests that PGCs retain some developmental pluripotentiality. Our results indirectly highlight the importance of PGC-to-PGC contact for maintaining such property.
Taken together the results reported in the present paper provide novel insight into the mechanisms controlling PGC migration and homing and open a new field of investigation regarding the molecular pathways that, via contactdependent signaling, may play a crucial role for PGC differentiation in the mammalian embryo.
